Clostridium perfringens type A can cause both food poisoning (FP) and non-food-borne (NFB) gastrointestinal diseases. Our previous study reported that a mixture of L-asparagine and KCl (AK)-germinated spores of FP and NFB isolates well, but KCl and, to a lesser extent, L-asparagine induced spore germination only in FP isolates. We now report that the germination response of FP and NFB spores differsignificantly in several defined germinants and rich media. Spores of NFB strain F4969 gerAA, gerKA-KC or gerKC mutants lacking specific germinant receptor proteins germinated more slowly than wild-type spores with rich media, did not germinate with AK and germinated poorly compared to wild-type spores with L-cysteine. The germination defects in the gerKA-KC spores were largely due to loss of GerKC as (i) gerKA spores germinated significantly with all tested germinants, while gerKC spores exhibited poor or no germination; and (ii) germination defects in gerKC spores were largely restored by expressing the wild-type gerKA-KC operon in trans. We also found that gerKA-KC, gerAA and gerKC spores, but not gerKA spores, released dipicolinic acid at a slower rate than wild-type spores with AK. The colony-forming efficiency of F4969 gerKC spores was also~35-fold lower than that of wild-type spores, while gerAA and wild-type spores had similar viability. Collectively, these results suggest that the GerAA and GerKC proteins play roles in normal germination of C. perfringens NFB isolates and that GerKC, but not GerAA, is important in these spores' apparent viability.
INTRODUCTION
Clostridium perfringens is a Gram-positive, spore-forming, anaerobic, pathogenic bacterium capable of causing a wide variety of diseases in humans and animals McClane, 2007; McDonnell, 1986) . The two most common illnesses in humans are C. perfringens type A food poisoning (FP) and non-food-borne (NFB) gastrointestinal (GI) illnesses (Carman, 1997; McClane, 2007) . These two major diseases are caused mainly by C. perfringens type A isolates producing C. perfringens enterotoxin; these isolates account for~5 % of type A isolates (Asha & Wilcox, 2002; Sarker et al., 1999; Wen & McClane, 2004) . Interestingly, differences between FP and NFB isolates include not only the localization of C. perfringens enterotoxin-encoding gene (cpe) on the chromosome or plasmid, respectively (Collie & McClane, 1998; Cornillot et al., 1995) , but also significant differences in their spore resistance (Sarker et al., 2000) . Numerous studies have highlighted the enhanced ability of spores of FP isolates (FP spores) to survive in the harsh conditions encountered in FP environments compare to those of NFB isolates (NFB spores) (Li & McClane, 2006a , b, 2008 Sarker et al., 2000) . Thus, FP spores are more resistant than NFB spores to (i) heat treatment (Sarker et al., 2000) , (ii) low temperatures (4 and À20 C) (Li & McClane, 2006b ) and (iii) nitrite-induced stress (Li & McClane, 2006a) . In contrast, NFB spores are better adapted to germinate in host environments, particularly in the presence of epithelial cells and macrophages (ParedesSabja & Sarker, 2011a , 2012 . However, in order to cause disease, both FP and NFB spores must germinate to return to vegetative cell growth (Paredes-Sabja et al., 2011) .
The process of germination of almost all spores of Bacillales and Clostridiales is triggered when compounds, called germinants, bind to their cognate germinant receptor (GR) located in the spores inner membrane, the proteome for which was recently determined (Liu et al., 2016) . Germinant binding to its cognate GR triggers the release of monovalent cations (i.e., Na + and K + ) and the spore core's large depot of dipicolinic acid (DPA) present as a 1 : 1 chelate with divalent cations, primarily Ca 2+ (Ca-DPA) (ParedesSabja et al., 2011; Setlow, 2014) . The release of these small molecules, at least in Bacillus species, activates downstream effectors such as the cortex-lytic enzymes (Paidhungat et al., 2001 , Paredes-Sabja et al., 2008a , 2011 Setlow, 2013 Setlow, , 2014 . Cortex-lytic enzymes initiate degradation of the spore's peptidoglycan cortex allowing an increase in water uptake in the spore core to levels similar to those of the growing cells (Olguín-Araneda et al., 2015; Setlow, 2013 Setlow, , 2014 . Recent studies (Paredes-Sabja et al., 2008a , b, 2009a Paredes-Sabja & Sarker, 2010) have anaysed the mechanism of germination of C. perfringens spores. However, these studies orimarily used an FP isolate, SM101, and highlighted significant differences in the germination of FP versus NFB spores. Notably, FP spores germinated with L-asparagine (L-Asn), KCl, a mixture of L-Asn and KCl (AK), the co-germinants Na + and inorganic phosphate or the non-nutrient germinant Ca-DPA, all through the main GR protein GerKC (Banawas et al., 2013; Paredes-Sabja et al., 2008b , 2009b Udompijitkul et al., 2014) . In contrast, NFB spores are able to germinate only with the AK mixture (Paredes-Sabja et al., 2008b; Udompijitkul et al., 2014) . Spores of an NFB GI disease isolate F4969 also germinated to a greater extent than FP isolate SM101 spores in the presence of cultured intestinal epithelial cells and their growth medium (Paredes-Sabja & Sarker, 2011a) . However, the basis for the differential germination response of FP versus NFB spores and the mechanism of spore germination in NFB spores are not known. Therefore, in this study, we further compared the germination response among spores from six different FP and NFB strains. Moreover, we examined the role of various GR proteins in the germination of NFB spores by constructing GR mutant derivatives of strain F4969 and characterizing the germination phenotypes of the mutant spores. Our results indicate that the GerKC and GerAA proteins are required for normal germination of NFB spores with rich medium, AK and L-cysteine (L-Cys). GerKC also plays a major role in these spores' DPA release triggered by AK and their viability, but the GerAA protein is not required for spore viability.
METHODS
Bacterial strains and plasmids. C. perfringens strains and plasmids used in this study are described in Table 1 .
Spore preparation. Starter cultures of C. perfringens isolates were prepared by overnight growth at 37 C in fluid thioglycollate (FTG) broth (Difco, BD Diagnostics) as described previously (Kokai-Kun et al., 1994) . To prepare sporulation precultures of C. perfringens, 0.4 ml of an FTG starter culture was inoculated into 10 ml of Duncan-Strong (DS) sporulation medium (Duncan & Strong, 1968) . The DS medium was incubated for 24 h at 37 C and the presence of spores was confirmed by phase-contrast microscopy; larger volumes of spores were prepared by scaling up this procedure. Spores were purified by repeated washing with sterile distilled water until the spores were more than 99 % free of sporulating cells, germinated cells and cell debris. Clean spores were suspended in distilled water at an OD 600 of~6 and stored at À20 C.
Spore germination assay. Spore germination was carried out as described previously (Banawas et al., 2013; Paredes-Sabja et al., 2008b) . Spore suspensions of OD 600 of 6 were heat activated at 75 C for 15 min, cooled on ice and incubated at 37 C for 10 min prior to germination assay. For germination, heat-activated spores of OD 600 of 1 were incubated with 100 mM each of L-Asn or KCl and 100 mM AK in 25 mM Tris/HCl buffer (pH 7.0), and with 100 mM L-Cys in 25 mM Tris/HCl buffer (pH 6.0) at 37 C for 60 min. Spore germination was routinely measured by monitoring the OD 600 of spore cultures (Smartspec 3000 Spectrophotometer; Bio-Rad Laboratories), which falls by~60 % upon completion of spore germination. The extent of germination was confirmed by phase-contrast microscopy, as fully germinated spores change from phase-bright to -dark. The extent of spore germination was calculated by measuring the decrease in OD 600 and expressed as the percentage of the initial value. All values reported are means of three experiments performed with at least three independent spore preparations. Germination was also carried out in TGY (3 % Trypticase, 2 % glucose, 1 % yeast extract and 0.1 % L-Cys), brain-heart infusion (BHI) broth, Eagle's minimum essential medium (EMEM) and Dulbecco's modified Eagle's medium (DMEM), all at pH 7.0-7.4.
Construction of a gerKA-KC (gerK operon) mutant. To construct a derivative of C. perfringens strain F4969 with an insertion of catP (encoding chloramphenicol resistance) in gerKA, the gerKA-KC mutator plasmid pDP11 (Paredes-Sabja et al., 2008b) was used. Plasmid pDP11 contains an inactivated gerKA-KC operon and has no origin of replication for C. perfringens, and thus is not maintained in C. perfringens. We introduced plasmid pDP11 into C. perfringens strain F4969 by electroporation (Czeczulin et al., 1996) and a gerKA-KC mutant, strain SB104, was selected by allelic exchange as described previously (Sarker et al., 1999) . The replacement of wild-type gerKA-KC with the mutant allele in strain SB104 was confirmed by PCR (data not shown).
Construction of a gerAA mutant. A derivative of strain F4969 with an intron inserted in the gerAA gene was constructed as follows: plasmid pDP13, which has the L1.LtrB intron re-targeted to gerAA (Paredes-Sabja et al., 2008b) , was introduced into C. perfringens strain F4969 by electroporation (Czeczulin et al., 1996) and chloramphenicol-resistant (Cm r ) colonies were screened for the insertion of the Targetron by PCR using detection primers CPP211 and CPP206 ( Construction of a gerKC mutant. Construction of a gerKC mutant of F4969 was performed using the modified group II intron (the ClosTron) that inserts the intron into gerKC between bp 468 and 469 from the gerKC start codon. Plasmid pDP276, which has the L1.LtrB intron retargeted to gerKC, was previously constructed (Banawas et al., 2013) . This plasmid with the Targetron insertion was introduced into C. perfringens F4969 by electroporation (Czeczulin et al., 1996) and erythromycin-resistant (Em r ) transformants were selected on BHI agar plates with 30 µg ml À1 Em. The Em r transformants were screened for insertion of the intron into gerKC by PCR using gerKC detection primers CPP440 and CPP443 (Table S1 ). To cure the Em r -coding vector, one positive intron inserted clone was subcultured three times in FTG broth and then plated onto BHI agar, and single colonies were patched onto BHI agar with or without Em, giving strain SB106.
Construction of a gerKA mutant. A mutation in the gerKA gene in C. perfringens strain F4969 by intron insertion into gerKA was generated as follows: plasmid pDP300, which carries the L1.LtrB intron retargeted to gerKA (Banawas et al., 2013) , was introduced into C. perfringens strain F4969 by electroporation and Em r colonies were screened for the insertion of the Targetron by PCR using detection primers CPP208 and CPP209 (Table S1 ). The gerKA mutant was isolated in the same way as described above for the gerKC mutant, giving strain SB110. gerKB mutant was isolated as described previously (Sarker et al., 1999) . The identity of the gerKB strain SB108 was confirmed by PCR (data not shown).
Construction of a gerKA-KC complemented strain. A 3.2 kb fragment carrying wild-type gerKA-KC was excised from plasmid pDP10 (Paredes-Sabja et al., 2008b) by digestion with KpnI and SalI and then ligated between the KpnI and SalI sites of plasmid pJIR751 that contains the ermB gene (Bannam & Rood, 1993) , giving plasmid pSB19. This plasmid was introduced into the C. perfringens gerKA-KC mutant SB104 by electroporation (Czeczulin et al., 1996) and Cm r Em r clones were selected. The presence of plasmid pSB19 in strain SB104(pSB19) was confirmed by PCR (data not shown).
Construction of a gerAA complemented strain. A 2.5 kb DNA fragment carrying 446 bp upstream of gerAA, the gerAA ORF and 213 bp downstream was PCR amplified from F4969 DNA with Phusion High-Fidelity DNA Polymerase using primers CPP1028/CPP1029 (forward and reverse primers had KpnI and SalI sites at their 5¢ ends, respectively) ( Table S1 ). The KpnI-SalI PCR fragment was isolated, digested with KpnI and SalI and cloned between the KpnI and SalI sites of pJIR751 (Bannam & Rood, 1993) , giving plasmid pSB23. This plasmid was introduced into C. perfringens gerAA strain SB103 by electroporation and Em r transformants were selected. The presence of both plasmid pSB23 and the original gerAA deletion in strain SB103(pSB23) was confirmed by PCR using primers CPP211 and CPP206 (Table S1 ).
Construction of a gerKC complemented with wild-type gerKA-KC. The recombinant plasmid pSB18 (Banawas et al., 2013) , which is a derivative of pJIR750 harbouring wild-type gerKA-KC, was introduced into C. perfringens strain SB106 by electroporation (Czeczulin et al., 1996) and Cm r Em r transformants were selected. The presence of wildtype gerKA-KC and the gerKC mutation in strain SB106(pSB18) was confirmed by PCR.
Analysis of gerKC gene expression by reverse transcription PCR. C. perfringens wild-type F4969 and gerKA mutant SB110 were grown in either TGY medium (vegetative cells) or DS medium (sporulating cells) for 8 h at 37 C, and total RNA was isolated using the Qiagen RNeasy mini kit (Qiagen). The primer pair CPP1259 and CPP1260 (Table S1 ), which amplified a 210 bp internal fragment from gerKC, was used to detect gerKC-specific mRNA from the RNA preparation by reverse transcription PCR (RT-PCR) analysis as described previously (Huang et al., 2004; Huang & Sarker, 2006) . PCR amplification was performed as follows: an initial denaturation step of 3 min at 98 C, followed by 35 cycles of 30 s at 95 C, 30 s at 56 C and 30 s at 72 C, and finishing with one cycle of 2 min at 72 C. The primers for 16S rRNA PCR are listed in Table S1 . To quantify gerKC mRNA levels in the gerKA mutant SB110, the gerKC-specific band intensities were measured using ImageJ software (National Institutes of Health) and results were standardized using the 16S rRNA band densities.
DPA release. DPA release during AK-triggered spore germination was measured by incubating heat-activated spores (OD 600 of 1.5) at 37 C with 100 mM AK (pH 7.0), to allow adequate measurement of DPA release. Aliquots (1 ml) of germinating cultures were centrifuged for 3 min in a microcentrifuge and the amount of DPA in the supernatant fluid was determined by measuring the OD 270 as described previously (Cabrera-Martinez et al., 2003) . Initial DPA levels in dormant spores were measured by boiling 1 ml aliquots for 60 min and centrifugation, and the DPA content of the supernatant fluid were measured by its OD 270 (Cabrera-Martinez et al., 2003) .
Spore decoating. Spores at an OD 600 of 20 were decoated in 1 ml of decoating solution [50 mM Tris/HCl (pH 8.0), 8 M urea, 1 % (w/v) SDS and 50 mM DTT] for 90 min at 37 C and then spores were washed 10 times with distilled water (Paredes-Sabja et al., 2009d) . This extraction procedure did not kill the spores, as determined by plating on BHI agar supplemented with lysozyme (1 µg ml À1 ).
Colony formation assay. To evaluate the colony-forming ability of spores of various F4969 strains, spore suspensions at an OD 600 of 1 (~10 8 spores ml
À1
) were heat activated at 75 C for 15 min, aliquots of varying dilution were plated onto BHI agar±lysozyme (1 µg ml À1 ) and were incubated at 37 C anaerobically for 24 h and colonies were counted.
Statistical analyses. Student's t-test was used for specific comparisons.
RESULTS

Comparison of germination of C. perfringens spores of FP and NFB strains
Previous studies have shown that spores of C. perfringens FP isolates germinate well with either L-Asn or KCl, while spores of C. perfringens NFB isolates germinate only with the AK mixture (Paredes-Sabja et al., 2008b) . This was also the case when germination of spores of FP strain SM101 and NFB strain F4969 was compared (Fig. 1a-c) . Previous work also suggested that there are differences in germination of F4969 and SM101 spores in the rich bacterial growth medium BHI (Paredes-Sabja & Sarker, 2011b) and DMEM and EMEM tissue culture media (Paredes-Sabja & Sarker, 2011a) . In those studies, germination was quantified by determining loss of spore heat resistance, as heat treatment kills germinated/outgrowing spores, and thus loss of colony-forming ability on BHI agar serves as an indication of the relative levels of spore germination. To validate these results, we first examined germination of F4969 and SM101 spores in DMEM and EMEM by measuring decreases in OD 600 . With F4969 spores incubated in EMEM or DMEM, an approximately 50-60 % decrease in OD 600 was observed after 1 h and an approximately >95 % of the spores became dark under phase-contrast microscopy, indicating complete germination of these spores ( Fig. 2a; data not shown). In contrast, no OD 600 decrease was observed with SM101 spores incubated in EMEM or DMEM for 1 h and >95 % of these spores remained phase-bright, indicating no significant germination of SM101 spores ( Fig. 2b ; data not shown). Consistent with these results, spores of two additional C. perfringens FP strains (NCTC10239 and E13) also exhibited no significant decrease in OD 600 after incubation with EMEM or DMEM for 60 min, while spores of two additional NFB strains (NB16 and B40) did (Table 2) . Collectively, these results further indicate that tissue culture media induce germination of spores of NFB but not of FP isolates (Paredes-Sabja & Sarker, 2011a).
When FP strain SM101 and NFB strain F4969 spores were incubated with the rich bacterial growth medium TGY (pH 6.8) and germination was assessed by measuring OD 600 , both SM101 and F4969 spores germinated very well (Fig. 2a, b) . Similar results were obtained with spores of two additional FP and NFB strains (Table 2) . However, some of the germination effect of TGY medium appeared to be due to the L-Cys (5.7 mM) present, as L-Cys (100 mM, pH 6.0) induced significant germination of spores of F4969 (Fig. 2a) and other FP and NFB isolates (Udompijitkul et al., 2014) . Interestingly, while spores of all tested FP strains germinated significantly (P<0.005) with BHI, those of NFB strains germinated only slightly after incubation with BHI for 1 h (Fig. 2a, b and Table 2 ). F4969 spores incubated with BHI for longer times exhibited significant (P<0.05) germination, but the rate and extent of germination were lower than those of SM101 spores (Fig. 2c) . Phase-contrast microscopy confirmed the slower germination of F4969 spores compared to that of SM101 spores, while~60 % spores of SM101 became phase-dark after incubation in BHI for 1 h and~56 % of F4969 spores became phase-dark only after 18 h (Fig. 3d) .
The F4969 spores germinated very poorly with BHI supplemented with 100 mM L-Cys (Fig. 2a) , suggesting that BHI inhibits germination of F4969 spores. Significant inhibition by EMEM or DMEM on BHI germination of SM101 spores was also observed ( Fig. 2b; P<0.05) . Collectively, these results suggest that there is a significant difference in the germination response between C. perfringens FP and NFB spores.
GR homologues in C. perfringens NFB strain F4969
Having found a significant difference in the germinant requirements for spores of C. perfringens FP and NFB isolates, we hypothesized that this diversity might be due to differences in GRs in the FP and NFB strains. To test this hypothesis, we subjected the draft assembled genome sequence of C. perfringens NFB strain F4969 to BLASTP analysis to identify GR homologues using C. perfringens (4) were germinated with (a) 100 mM AK (100 mM L-Asn and 100 mM KCl) in 25mM Tris/HCl, (b) 100 mM KCl in 25 mM Tris/HCl and (c) 100 mM L-Asn in 25 mM Tris/HCl. Germination was followed by measuring the decrease in culture OD 600 as described in Methods. Data are the means of three replicates and standard errors of the mean were less than 25 % of the mean. SM101 GR proteins as bait. Four ORFs (AC5_0662, AC5_0663, AC5_0664 and AC5_1261) encoding proteins with high similarity (>98 %) to GR proteins of C. perfringens FP strain SM101 were identified (Figs 3 and S1). As in SM101, the F4969 genome encoded a gerK locus that contained a bicistronic operon with gerKA and gerKC, which is flanked by a monocistronic gerKB transcribed in the opposite orientation and upstream of the gerK operon. Interestingly, the monocistronic gerAA gene was found in the opposite orientation relative to the gerAA gene in SM101. BLASTP analyses revealed that the GerKC protein sequence was identical in SM101 and FB4969, and there was marked similarity between the predicted amino acid sequences of GerAA, GerKA and GerKB, although also some differences (Fig. S1 ).
Introducing mutations in GR genes in NFB strain F4969
Previous studies (Banawas et al., 2013; Paredes-Sabja et al., 2008b , 2009b with C. perfringens strain SM101 demonstrated that GerKC is the main GR protein for spore germination in C. perfringens, while GerKA, GerKB and GerAA play minor roles. To determine the role of GR proteins in germination of NFB strains of C. perfringens, we constructed FB4969 mutants lacking gerKA plus KC and single gerKA, gerKB, gerKC or gerAA mutation (Fig. 3a) by using mutator plasmids that were used previously to construct these mutants in SM101 (Banawas et al., 2013; Paredes-Sabja et al., 2008b) . All mutant strains grew well in TGY (vegetative growth) and DS (sporulation) media, and phase-contrast microscopy of DS cultures demonstrated the formation of spores by all mutants except the gerKB strain, for reasons that are unknown. Thus, we excluded the gerKB mutant strain from our study.
Since our recent study showed that a gerKA mutation in SM101 (strain DPS119) exhibited a partial polar effect on the downstream gerKC gene (Banawas et al., 2013) , we examined whether the F4969 gerKA mutation exerted a similar polar effect on the downstream gerKC. When the levels of gerKC transcripts in sporulating cells of strains F4969 and its gerKA mutant SB110 were compared, an~210 bp gerKC RT-PCR product was detected in RNA extracted from sporulating F4969 and SB110 cells (Fig. 3b) . In addition, comparison of levels of gerKC transcripts in F4969 and SB110 by semi-quantitative RT-PCR showed that the gerKA mutant had a slightly lower level of gerKC transcript compared to wild-type (Fig. 3c) . Thus, the gerKA mutation in F4969 (strain SB110) had a slight polar effect on the expression of the downstream gerKC, just as in DPS119.
Effect of ger mutations on germination of F4969 spores in rich media
Not only did wild-type F4969 spores germinate well with TGY, EMEM or DMEM, but so also did gerKA F4969 spores (Fig. 4) . However, germination of gerKA-KC, gerKC and gerAA spores with these media was significantly slower and/or less complete (P<0.05). Phase-contrast microscopy confirmed these latter differences, in particular that, after incubation of F4969 (wild-type) or SB104 (gerKA-KC) spores in TGY medium for 60 min, >95 % of F4969 and at most 5 % of SB104 spores became phase-dark (data not shown). Interestingly, almost wild-type germination was observed with gerKC spores complemented with wild-type gerKA-KC, indicating that GerKC is essential for normal germination of spores of F4969 in rich media (Fig. 4a-c) . However, complementation of gerAA mutant spores with wild-type gerAA induced only slight germination with EMEM ( Fig. 4b; P<0 .05 compared to wild-type), but less with TGY and DMEM (P>0.05), suggesting an auxiliary role for GerAA in EMEM-induced germination (see Discussion).
GerKC and GerAA are required for normal germination of F4969 spores with defined germinants
To further define the role of specific GRs in F4969 spore germination, the germination of spores of the wild-type and GR mutant strains with AK and L-Cys was compared. The gerKA-KC spores did not germinate with AK ( Fig. 5a ) and germinated very poorly (P<0.05) compared to F4969 spores with L-Cys (Fig. 5b) . Although gerKA spores exhibited significant germination in the presence of AK or L-Cys ( Fig. 6 ; P<0.05), gerKC spores did not (Fig. 6a, b) . However, the germination defect in gerKC spores could be restored to a nearly wild-type level by complementing the gerKC spores with wild-type gerKA-KC (P<0.05), indicating that GerKC, but not GerKA, is the most important GR protein in C. perfringens F4969 spore germination.
In contrast to results with SM101 spores (Paredes-Sabja et al., 2008b) , spores of a gerAA mutant of NFB strain F4969 exhibited almost no germination with AK ( Fig. 5a ; P<0.05) and significantly poorer germination than spores of the wild-type strain with L-Cys ( Fig. 5b; P<0 .05). The germination defect of the gerAA spores was partially restored by complementation of gerAA spores with a plasmid carrying wild-type gerAA ( Fig. 5; P<0 .05 compared to wild-type), indicating that GerAA plays a role in normal germination of F4969 spores in the presence of AK and L-Cys.
GerKC and GerAA are required for DPA release during AK germination of F4969 spores
After the germinant binds to its cognate receptor, the next easily measurable event in spore germination is the release of the spore core's large depot of Ca-DPA (Setlow, 2013) . Therefore, release of DPA during germination of wild-type, gerKA-KC, gerAA and gerKC spores with AK was assayed.
As expected, wild-type spores released the majority (~80 %) of their DPA within the first 10 min of germination with AK (Fig. 6) . Although gerKA spores released less DPA than wild-type spores after 10 min of germination with AK, no significant difference in DPA release was observed between gerKA and wild-type spores after 60 min (Fig. 6) . However, gerAA, gerKA-KC and gerKC spores released 70-80 % less DPA (P<0.05) than wild-type spores during AK germination (Fig. 6) , consistent with almost no germination of these spores with AK (Fig. 5a) . Importantly, the low DPA release by gerAA and gerKC spores was restored to nearly wild-type levels by complementation with wild-type genes ( Fig. 6 ; P<0.05). Collectively, these results further suggest that GerKC and GerAA are the main GR proteins involved in F4969 spore germination with AK.
GerKC is the major GR protein required for colony formation by F4969 spores on BHI agar
Since GR mutants generally exhibited less germination than wild-type spores, these mutant spores could have lower colony-forming efficiencies than wild-type spores. To evaluate this, the colony-forming efficiencies of intact and decoated wild-type and GR mutant spores were assessed by plating onto BHI agar with or without lysozyme. No significant differences in colony-forming efficiencies on BHI agar were Fig. 4 . Germination of C. perfringens F4969 spores and its GR mutant derivatives. Heat-activated spores of strains F4969 (wild-type) (♦), SB103 (gerAA) (□), SB104 (gerKA-KC) (~), SB106 (gerKC) (&), SB110 (gerKA) (4), SB103(pSB23) (gerAA mutant complemented with wild-type gerAA) ( ) and SB106(pSB18) (gerKC mutant complemented with wild-type gerKA-KC) ( ○ ) were incubated at 37 C with (a) TGY medium, (b) EMEM and (c) DMEM and spore germination was monitored by measuring OD 600 as described in Methods. Data are the means of three replicates and standard errors of the mean were less than 25 % of the mean.
observed between wild-type and gerKA spores, while gerKA-KC spores exhibited one-log lower colony-forming efficiency than wild-type spores (Table 3 ). The lower colonyforming efficiency of gerKA-KC spores was due to specific inactivation of gerKC, as (i) intact gerKC spores also had a one-log lower spore titre than wild-type spores and (ii) the colony-forming efficiency of gerKC spores could be restored to wild-type level by complementation with a plasmid carrying wild-type gerKA-KC. Surprisingly, although F4969 gerAA spores exhibited significantly lower germination than wild-type spores (Fig. 5 ), intact gerAA spores had a colonyforming efficiency on BHI agar plate similar to that of wildtype spores. The gerAA spores did not take longer to form colonies on plates relative to wild-type spores, as >99 % total colonies from wild-type and gerAA spores appeared after only 24 h and no additional colonies appeared on plates after 72 h incubation (data not shown). These results suggest that GerAA is not absolutely required for colony formation by F4969 spores but may affect the timing of germination (Table 3) . Decoating of gerKA-KC and gerKC spores and plating onto BHI agar supplemented with lysozyme, which can recover spores with germination defects, increased the colony-forming efficiencies of these mutant spores to a level similar to that of wild-type spores ( Table 3 ), indicating that gerKA-KC and gerKC spores are fully viable and simply unable to form colonies because of a defect in completion of germination. Collectively, these results indicate that GerKC is the main GR protein required for normal colony formation by F4969 spores on BHI agar and that GerAA, although required for normal germination of F4969 spores, does not play any significant role in colony formation.
DISCUSSION
Several previous studies have found differences among the germinant responses of C. perfringens FP and NFB spores (Paredes-Sabja et al., 2008b Udompijitkul et al., 2014) , suggesting that the GRs of C. perfringens spores of these two types of isolate have adapted to different environmental niches. Indeed, previous work supported this hypothesis by demonstrating that spores of C. perfringens FP isolates germinate better with nutrients typically found in meat products (Paredes-Sabja et al., 2008b , while NFB spores germinate well in the presence of intestinal epithelial cells (Paredes-Sabja & Sarker, 2011a) . The current work provides further evidence of different germination responses between FP versus NFB spores as follows: (1) the AK germination response is different between both types of isolate. (2) NFB spores germinated less efficiently than FP spores in BHI, although did eventually germinate (Banawas et al., 2013) (Fig. 2) . One possible reason for the slow germination of NFB spores in BHI medium is that this medium contains some components that inhibit NFB spore germination. This idea was supported in the current work, as spores of NFB strain F4969 germinated poorly in a 1 : 1 mixture of BHI and L-Cys, although germinated well with L-Cys alone. However, the identities of inhibitory compounds in BHI medium are not clear. (3) C. perfringens NFB spores, but not FP spores, germinated well with several tissue culture media. The poor germination of FP spores in EMEM or DMEM is intriguing, as these media contain amino acids that are sufficient to induce germination of C. perfringens spores (Paredes-Sabja et al., 2008b; Udompijitkul et al., 2014) . Thus, it is indeed possible that some ingredients in rich media might compete with normal germinants in binding to GRs, bind non-productively or block spore germination in some other way.
The difference in germination of FP and NFB spores was striking given the fact that both isolates possess nearly identical GR coding genes. One possible explanation for the difference in germination of FP and NFB spores is that the few changes in GR sequences between these two strains have drastic effects on GR function. However, while the products of gerKA-KC were required for spore germination in FP strain SM101 (Paredes-Sabja et al., 2008b) , recent findings demonstrated that GerKC alone is sufficient to allow GR function (Banawas et al., 2013) . Consistent with previous results with FP strain SM101 (Paredes-Sabja et al., 2008b) , the products of gerKA-KC were also required for normal germination of NFB strain F4969 spores. However, the inactivation of gerKC only in strain F4969 demonstrated that most, if not all, of the germination defect in gerKA-KC spores was due to the loss of gerKC, suggesting that GerKC is the main GR protein in F4969 spores. This suggestion was further supported by the following: that (1) gerKA spores germinated like wild-type spores with AK or L-Cys and (2) the germination defect in gerKC spores was complemented by wild-type gerKC. Overall, when our current results are coupled with those obtained by others (Banawas et al., 2013; Udompijitkul et al., 2014) , they indicate that GerKC is the main GR protein involved in germination of spores of C. perfringens, regardless of the type of strain, either FP or NFB, and the germinant(s) used. Since the GerKC amino acid sequence is identical in FP and NFB strains, differences in this sequence alone cannot cause differences in germination of FP and NFB spores. However, there are a few differences in GerKA and GerAA amino acid sequences between FP and NFB strains and perhaps these differences led to modulation of GerKC function in ways as yet unknown. Other possible explanations for the difference in germination of FP and NFB spores include differences in various germinants' access to the spore inner membrane and perhaps subtle differences in the inner membrane environment of spores of these different strains.
Another striking finding from this study is that, in contrast to the results with FP strain SM101 (Paredes-Sabja et al., 2008b) , GerAA is required for normal germination of NFB strain F4969 spores with AK or L-Cys, presumably by acting as a receptor for both of these germinants. Since disruption of gerAA in F4969 significantly affected AK-and L-Cysinduced germination and AK-induced DPA release, and some of these defects could be restored at least partially by complementation with wild-type gerAA, it appears that GerAA is required for NFB spore germination. In contrast, SM101 gerAA spores germinated at the same rate as that of wild-type spores with high concentrations of AK, although they germinated slightly more slowly with a lower AK concentration, suggesting an auxiliary role for GerAA in FP SM101 spore germination (Paredes-Sabja et al., 2008b) . The difference in germination of F4969 gerAA and SM101 gerAA spores cannot be due to differences in the gerAA mutants, as both the SM101 and F4969 gerAA mutants had the same intron inserted between 123 and 124 of gerAA (ParedesSabja et al., 2008b) . However, this difference in phenotypic behaviour of the gerAA mutation in the NFB and FP strains could be due to differences in the amino acid sequences of GerAA in FP versus NFB isolates (Fig. S1) . Indeed, single alterations in any of three amino acids in either the GerBA Table 3 . Colony formation by spores of C. perfringens NFB strains Heat-activated spores of various strains were plated on BHI agar with or without lysozyme (1 µg ml À1 ) and colonies were counted after anaerobic incubation at 37 C for 24 h as described in Methods. ND, Not determined. *Titres are the mean number of c.f.u. (c.f.u. ml À1 /OD 600 ) determined in three experiments, and the variation was less than 15 %. †Spores were decoated, heat activated and plated onto BHI agar containing lysozyme (Lyz) and colonies were counted after overnight incubation anaerobically at 37 C.
(2) or GerBB (1) proteins changed Bacillus subtilis spore germination with the L-Asn/D-glucose/D-fructose/KCl mixture, from absolutely requirement of both GerB and GerK GRs, to allowing good germination with L-Asn alone (Paidhungat & Setlow, 1999) . However, the L-Asn germination of the spores of the various gerBA or gerBB mutants was still stimulated significantly by the GFK mixture. This change in B. subtilis spore germination phenotype is similar in many respects to the difference in the AK germination phenotype of FP and NFB C. perfringens spores with AK. Since GerKA and GerAA amino acid sequences in FP strain SM101 and NFB strain F4969 do show a few amino acid differences, despite being >98 % identical, it is tempting to speculate that one or more of these differences, in particular in GerAA, is responsible for the difference in germination behaviour of FP and NFB spores. Structure-function analyses of SM101 and F4969 GR proteins and comparison to the B. subtilis GerBA and GerBB proteins could help illuminate the possible effects of mutations in various regions of these proteins.
Another striking finding in this work is that while GerKC was required for full apparent viability of F4969 spores, GerAA was not. While gerAA spores germinated significantly more slowly than wild-type spores, the colony-forming efficiency of gerAA spores was similar to that of wild-type spores. This role of F4969 GerAA is consistent with results for B. subtilis spores, where the viability of spores lacking one GR is relatively normal, while spores lacking all GRs exhibit low apparent viability (Paidhungat & Setlow, 2000) . Therefore, it seems likely that normal apparent viability of C. perfringens F4969 gerAA spores is due primarily to GerKC, as this GR protein is required for spore germination (this study). However, contributions of GerKB and other germination proteins with significantly different sequences from those of the GerA of GRs family cannot be excluded. Further experiments with spores lacking both GerAA and GerKB may help clarify the reasons for poor germination and, thus, the low apparent viability of gerKC spores.
In conclusion, notable findings in the current study are as follows: (1) germination of FP and NFB spores differs significantly in rich media and several defined germinants; (2) GerKC and GerAA proteins are required for normal germination of NFB spores with AK and L-Cys; and (3) although GerKCs play a major role in both DPA release with AK and spores viability, GerAA is not required for spore viability. Collectively, these results provide new insight into the determinants of the efficiency of spore germination in C. perfringens.
